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A b s tra c t • in
This paper explains nuclear magnetic resonance (NMR) theory and 
how it can be applied to magnetic resonance imaging (MRI) techniques. 
Relaxivities of iron oxide, a contrast agent used in MRI, are specifically 
studied in terms of their dependence on [Fe], temperature effects, and 
effects of particle size.
I
PRINCIPLES OF NUCLEAR MAGNETIC RESONANCE
The high degree of specificity for many biological reactions and 
processes depends on subtle differences in the structure and conformation 
of molecules. Nuclear magnetic resonance (NMR) spectroscopy is one of 
the few techniques available with the capacity to obtain detailed 
information about biomolecular phenomena. Various NMR parameters can 
be used to study the electronic and geometric structure of simple 
molecules or macromolecules, molecular motion and rate processes, and 
molecular interactions. A better understanding of theory is required for a 
satisfactory interpretation of NMR results.
Magnetic Properties of Nuclei
Roughly half of the known nuclei behave as though they were 
spinning like a top. The magnitude of the angular momentum 
J'=di[I(I+l)]1/2 (Eq. 1)
of this spinning motion depends on the nuclear spin quantum number I, 
which differs for different nuclei (fi is Planck's constant divided by 2n). 
The value of the nuclear spin quantum number I is determined by the 
mass number and atomic number according to Table 1.
Nuclei of interest having spin 1/2 are 1H, 13C, 31P, and l9F. Nuclei of 
interest having spin 0 are 12C, »«0, and 32S. 2H (or D) and ,4N have 1=1 and 
23Na and 39K have 1=3/2.
Because nuclei are positively charged (made up of protons and
neutrons), a spinning nucleus gives rise to a magnetic moment
(Eq. 2)
where y is the gyromagnetic (or magnetogyric) ratio and T  is a 
dimensionless angular momentum.
Nucleus with spin 1=1/2 behave as spherical entities possessing a 
uniform charge distribution. However, the charge distribution within a 
nucleus with te l  can be described as a prolate (cigar-shaped) or oblate 
(flattened) spheroid. A measure of the nonsphericity of the nuclear charge 
distribution is embodied in the electric quadrupole moment, which 
depends on I. Only nuclei with te l  possess an electric quadrupole 
moment^. Therefore, when a charged species (e.g. an electron) approaches 
a nucleus with an electric quadrupole moment, the nucleus experiences an 
electric field, the magnitude of which depends on the direction of 
approach. Possession of an electric quadrupole moment will critically 
affect relaxation time of a nucleus and the coupling of that nucleus' spin 
with spins of neighboring nuclei.
Magnetic Resonance
When a nucleus with magnetic moment p is placed in a uniform 
magnetic field H0 (oriented in the z direction), the magnetic dipole is 
quantized into a discrete set of orientations. This is referred to as nuclear 
Zeeman splitting. Each one of these orientations corresponds to a nuclear 
energy state or level with energy
E=-mH0 (Eq. 3)
where Pj (m^yfi) is the z component of the nuclear magnetic moment. The 
magnetic quantum number mj, characteristic of each nuclear energy level, 
depends on the nuclear spin quantum number and may take on the values 
mi= I, (1-1), (1-2), . . ., -(1-2), -(1-1), -I (Eq. 4)
Energy levels are shown in Figure 1 for nuclei with spin quantum 
numbers 1=1/2, 1 and 3/2. For each nuclear spin, the energy levels are 
equally spaced. The NMR experiment is to induce transitions between the 
levels by absorption or emission of a photon with the required energy. 
The selection rules of quantum mechanics prescribe that transitions 
between neighboring levels are the only allowable transitions (Am|=±l)2.
The energy of the photon required to induce transitions is just the energy 
separation between adjacent levels
AE*yfiH0 (Eq. 5)
The Bohr condition (AE=hv) permits us to give the frequency of the nuclear 
transition
v=yH0/2»c (Eq. 6)
which is in the radio frequency (rf) portion (e.g. 100 MHz) of the
electromagnetic spectrum. Therefore, for any particular nucleus in a given 
magnetic field, the NMR frequency will be characteristic, depending 
primarily on the gyromagnetic ratio peculiar to that particular nucleus.
The theory of electromagnetic radiation states that the probability of 
a photon inducing a transition from a higher energy level to a lower one is 
the same as the probability for an induced transition from a lower to a 
higher energy level. Therefore, in a large ensemble of spins, a net
absorption or emission depends only on the difference between the
number of nuclei in the upper and lower energy levels.
The distribution of nuclei in the various possible energy states is
given, under conditions of thermal equilibrium, by the Boltzmann equation 
NUpper/Niower=e-AB/kT=.e-hv/W’ (Eq. 7)
where Nupper and N|0wer represent the population (i.e. number) of nuclei in 
upper aid  lower energy states, respectively. With radiofrequencies used
in NMR, the population ratio might typically be 1.000035 (at v=220 MHz) 
for hydrogen nuclei in thermal equilibrium at room temperature. That
means for every 1,000,000 nuclei in the upper energy state there are 
1,000,035 nuclei in the lower energy state. Without this small excess in 
the lower energy state, there could be no nuclear magnetic resonance 
phenomenon.
NMR Relaxation
A nuclear spin system in a stationary magnetic field H0 may be 
considered. At equilibrium, the spin populations of the various Zeeman 
energy levels will be described by the Boltzmann distribution (Eq. 7), 
giving the lower energy levels a slightly greater spin population, as just 
discussed. If a radiofrequency field at the resonance frequency is applied 
to the system, the probability of an upward transition is equal to the 
probability of a downward transition. Because there is a greater spin 
population in the lower energy leverls, there will be more upward 
transitions than downward transitions, resulting in a nonequilibrium spin 
distribution. If this process continues, the excess of nuclei in the lower 
energy state will continually diminish with consequent decrease in the 
NMR signal intensity. Under certain circumstances, the two spin 
populations may be equal and the NMR signal may disappear completely. 
This phenomenon is referred to as saturation and, in practice, can occur if 
strong rf fields are applied. For an NMR signal to persist, some mechanism 
must be available for replenishing the number of nuclei in the lower 
energy states.
There are various mechanisms leading to radiationless transitions 
that cause the perturbed system to return to the equilibrium spin
V
distribution. These radiationless transitions are called relaxation 
processes. There are two kind of relaxation processes: spin-lattice (or
longitudinal) relaxation and spin-spin (or transverse) relaxation^. The 
spin-lattice relaxation time is designated by T) and the spin-spin 
relaxation time is designated by T2. T] is a characteristic time describing 
the rate at which the nonequilibrium spin distribution (N|0wer-N upper) 
exponentially approaches equilibrium (Nlower - Nupper)e(]ui| following 
absorption of rf energy.
(^low er ’ Supper) = (Slower " ^upper)equil 0  * ®*,^ 'l )  O^q* 8)
The lattice is the environment surrounding the nucleus - the 
remainder of that molecule as well as other solute and solvent molecules. 
Spin-lattice relaxation occurs by interaction of the nuclear spin dipole with 
random, fluctuating magnetic fields caused by the motion of surrounding 
dipoles in the lattice that happen to have components fluctuating with the 
same frequency as the resonance frequency described in Eq. 6. The energy 
of the radiationless transition is transferred to the various energy 
components of the lattice as additional rotational, translational, or 
vibrational energy (with total energy unchanged) until the nuclear spin 
system and the lattice are in thermal equilibrium. In solids or viscous 
liquids, the Tt relaxation may be several hours. In most nonviscous liquids 
or solutions, Tt is usually on the order of 0.001-100 sec.
Spin-spin relaxation processes also have a relaxation time, T2, which
characterizes the rate of these relaxation processes. The sources of the 
random magnetic fields giving rise to Tt relaxation will also lead to T2
relaxation. However, spin-spin relaxation has other relaxation mechanisms 
that may contribute to T2. Simply, the additional contribution to spin-spin
(or transverse) relaxation is the result of chemical exchange or mutual
exchange of spin states by two nuclei in close proximity. The distribution 
of energy among the spins in this manner is an adiabatic process and, 
although it decreases the lifetime for any particular nucleus in the higher 
energy state, it does not change the number of nuclei in the higher energy 
state.
There are basically two ways of looking at the NMR phenomenon. 
The first was the basis for the previous discussion - essentially a quantum 
mechanical description of discrete nuclear energy levels, the nuclear 
populations of which can be described by the Boltzmann distribution (Eq. 
7). Another way of viewing the nuclear magnetic resonance phenomenon 
is to consider it as a forced precession of the nuclear magnetization in the 
stationary magnetic field H0 which is perturbed by application of 
radiofrequency field H i. This classical approach is largely owing to Felix 
Bloch and describes NMR experiments quite accurately, especially for 
liquid samples.
Classical Description • Bloch Equations
Early in the history of NMR, Bloch** provided a classical description of 
the NMR experiment, deriving a set of very lauiul equations describing a 
group of nuclei in a magnetic field simply from phenomenological 
considerations. The rationale of the approach is now presented.
To simplify matters, all magnetic nuclei in a system will be assumed 
to be identical and to have spin 1=1/2. According to the classical theory of 
electromagnetism, a magnetic moment #  in a field will experience a
torque
f = \ t x t f 0 = df/dt (Eq. 9)
where 7* is the angular momentum. Because jf=yJ\ the motion of the
magnetic moment is given by
djl/dt = f^t x (Eq. 10)
which describes the precession of the nuclear magnetic moment about the 
z axis. The z axis is defined as the direction of the H0 field. This precession 
causes ft to generate a cone about the z axis, as shown in Figure 2. The
frequency of the precessional motion
v0 =yH0/2x (Eq. 11)
is called the Larmour frequency; it is, in fact, the NMK frequency for that 
nucleus as will be seen. The Larmour angular frequency is
o\, = 2tcv0 (Eq. 12)
We now consider the application of a small rf field Tti rotating in the
plane perpendicular to tf0 with the angular frequency to as shown in Figure 
2. The It] field will produce a torque as in Eq. 9 on the moment ft, tending 
to tilt toward the plane perpendicular to H0. If cMcoio, only a small
periodic perturbation will be exerted on it as ft] quickly loses step with ft. 
This results in a small processing motion of it about the original it direction 
as shown in Figure 2. As <o approaches co0, the torque from the Efj field 
tilting it toward the plane perpendicular to Pf0 will be exerted for a longer 
time. This will give a larger amplitude of precession. At the effect of
the torque will be the greatest and the amplitude of the precession will be 
the largest. In this process, energy is provided to the spin at the expense 
of the rf field. If the frequency u> of the rotation of Tft is varied through 
the Larmour frequency, energy is absorbed by the spin system and the 
magnetic resonance phenomenon is observed. In practice an oscillating rf
field is used. However, the oscillating field can be broken into two 
components rotating with equal angular velocities in opposite directions.
Only the component rotating in the same direction as the precession of the 
moment will affect the moment.
In this section, the properties of those nuclei of interest for NMR 
were discussed, namely, those possessing an angular momentum 7* and a 
magnetic moment tt. In practice, a large number of nuclei are observed 
rather than a single nucleus. This ensemble can be treated on a 
macroscopic scale.
The macroscopic nuclear magnetization
Tt=(Mx, My, Mx) (Eq. 13)
of a sample is defined and the magnetic moment per unit volume. In the 
absence of an Hj field at the resonance condition, the x and y components 
of the individual spins are randomly oriented in the xy plane such that 
Mx+My=0. Consequently, the macroscopic magnetization is the sum of the z 
components of the individual nuclear spins
= (E (Eq. 14)
where the z axis is defined by the direction of the stationary Held Tf0 and 
the summation is over a unit volume of the sample (1c is a unit vector 
oriented along the z axis). For spin 1=1/2 nuclei, the individual moments 
will align themselves, as shown in Figure 3, such that their z components 
will be either parallel or antiparallel to the direction of tf0, corresponding 
to two energy states. An St exists because there is a greater number of 
spins in one state (parallel to Tf0), as described by the Boltzmann 
distribution.
The equation of motion for the macroscopic magnetization in a 
homogenous field may be written as 
dSt/dt = >(Sf x fi) (Eq. 15)
*
because the macroscopic moment is obtained as the sum of the individual 
moments. I f  is composed of If0 and ff j.
Equation 15 describes the precession in the Tf0 field and the 
absorption of energy by the application of I i j . However, it does not
account for the relaxation processes that tend to redistribute the energy 
absorbed by the system of spins. In a stationary field, H0= H Z> the z
component of M, Mz, will try to take on its equilibrium value M0. 
Analogously to Eq. 8, the relaxation of Mz back to its equilibrium value 
following absorption of rf energy can generally be described by an 
exponential decay
dMz/dt = *(MZ - M0)/T, (Eq. 16)
where Tj is the spin-lattice relaxation timeS. Tj is often referred to as the
■ *
longitudinal relaxation time, being the relaxation of the component of M in 
the direction.
Absorption of rf energy can also give rise to x and y components of 
These components will rotate about the z axis at the Larmour 
frequency. However, because of fluctuations and slight differences in local 
magnetic fields, the transverse components of the individual nuclear spins 
will get out of phase. Because Mx and My are sums of the individual 
nuclei's x and y components, Mx and My will decay to zero. This decay 
may be described by
dM x/dt = -Mx/T2 (Eq. 17)
and
dMy/dt = -My/T2 (Eq. 18)
where T2 is the transverse relaxation time**. As noted in the last section, 
T2 is also called the spin-spin relaxation time and may be defined as the
lime constant for exponential decay to zero of the magnetizatin in the xy 
plane. For the following discussion, inhomogeneities in the magnetic field 
of the labor magnet will be considered neglible, so the decay constant will 
be a true T2. The decay constant will be smaller if the magnetic Held is not 
completely homogeneous, and the decay constant caused by magnetic field 
inhomogeneity will be designated T2*7.
Combining the relaxation process with the motions produced by 
torque, we have the Bloch-equation:
dKt/dt = x tio) + tfKt x If,) - (tMx + jM y)/T2 ■ tc(Mz - Mo)/T! (Eq. 19)
, j, and k are unit vectors in the laboratory (x, y, z) cooridnate
system.
H
Although today radioisotope tests are synonymous with imaging, the 
original application of radioisotope studies was in the sphere of functional 
measurement. One of the earliest techniques for measuring in vivo 
metabolism was the use of radioiodine to study the function of the thyroid 
g land$ . More recently alternative noninvasive methods for studying 
human physiology have become available including CT, digital subtraction 
imaging, ultrasound, and now nuclear magnetic resonance.
The aspects of physiology and tissue analysis can be divided into 
three groups • blood flow, metabolism and tissue characterization. Tissue 
characterization is of main concern in this paper.
Attempts to differentiate tissue on morphological grounds have 
always proved difficult. This is not surprising when often the diagnosis 
becomes obvious only when tissues are fixed, sectioned and examined 
under a microscope. . Many lesions can provide similar morphological 
appearance on microscopic examination.
NMR tissue characterization in principle has several advantages over 
techniques such as radionuclide technique and ultrasound. Unlike 
techniques based upon anatomical parameters, the measurements carried 
out by NMR are related to the chemistry of the tissues under examination. 
Essentially three parameters are measured: the density of protons,
longitudinal and transverse relaxation times. Altering the pulse sequences 
can produce different weightings of the relaxation times and, in theory at 
least, the fact that three parameters are being used instead of one should 
increase the chances of this being more disease- or tissue-specific than 
others. However, there are also theoretical disadvantages associated with 
NMR tissue characterization. These include the fact that since one is
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measuring signals from protons and their binding in molecules, the 
technique is more sensitive to fluid, oedema and fat rather than to specific 
tissues. However, NMR does have a higher sensitivity and specificity than 
other techniques.
Tissue Characterization By NMR
Nuclear magnetic resonance has been used in the examination of 
tissues almost since the discovery of the phenomenon by Bloch and 
independently by Purcell? in 1946. In vitro tissue studies were 
occasionally reported during the 1950s and 1960s, e.g. Odeblad et al.10, 
Bralton et a l.U . It was, however, the report of Damadian^ and his co­
workers in the early 1970s, describing differences in proton relaxation 
times between normal and pathological tissues, which initiated interest in 
the application of NMR to biological and medical studies. It was not until 
1973 that Lauterburl3 was the first to actually apply NMR to imaging. 
These studies have culminated in the widespread use of NMR spectroscopy 
and especially of imaging used today. NMR is applicable to the study of a 
large number of nuclei. The great majority of biological studies have, 
however, concentrated on the hydrogen nucleus, or proton.
The nature of tissue and the methods used in biological NMR studies, 
both in vitro and in vivo, limit the chemical range of protons which 
contribute to the NMR signal. Protons attached to large molecules or to
rigid or semi-rigid structures such as membranes do not contribute to the 
signal. In these cases the protons are very highly constrained and the T,
relaxation time is extremely short. They are effectively invisible in normal 
tissue studies. If, however, the protons are part of rapidly-moving small 
molecules they maintain phase coherence after a 90° rf pulse for a much
longer time and energy loss by spin-lattice interactions is also much 
slower. Hence, the protons of molecules such as water have and T,
relaxation times in the measurable range. Apart from water, the only
other protons which contribute significantly to tissue NMR signals are 
those of fat, i.e. triglycerides. In this case the long fatty acid -CH2 chains
have considerable mobility (unlike the chains of membrane lipids) and the 
rate of dipole and other interactions is reduced^. Hence Tj and T are
increased sufficiently to be measured.
These limitations of parameters define the set of properties upon
which one must base attempts to achieve tissue characterizations in proton
NMR studies. We can only observe water and triglycerides. Only the
standard parameters, i.e. total NMR signal size (related to proton or spin
density which is usually symbolized by the letters PD or the Greek letter 
p), the spin-lattice (T}) and spin-spin (T.) relaxation times and in certain
experiments a small range of other properties including flow, diffusion and 
chemical shift.
[R PARAMETERS
The precise value for each of the NMR parameters in a particular 
sample is determined by the local environment experienced by the 
detectable protons in that sample. For most body tissues, water protons 
are the major contributors to the NMR signal. Therefore, water will be 
used to illustrate the ways in which the values of the NMR parameters can 
be varied.
Proton Density and Signal Size
The NMR signal size is a difficult quantity to measure in absolute 
terms even in a small sample in an NMR spectrometer and it becomes 
extremely difficult to quantify in the NMR image. The signal size is related 
to the net magnetization of the sample, as already discussed.
Temperature and applied magnetic field strength are fundamental 
factors affecting NMR signal size but there are many other factors, mainly 
instrumental which also have an effect. In an ideal NMR experiment, the 
signal would be measured as the free induction signal amplitude after 
delivering a perfect and infinitely short 90° rf pulse to a sample which had 
never previously experienced such a pulse, i.e., the sample was totally 
relaxed. In a real experiment, however, the 90° pulse is of finite duration, 
hence allowing some relaxation to take place during its delivery. Any 
imperfections, i.e. a larger or smaller pulse affecting the angle of the 
magnetization, will affect signal size. In addition the sample is usually
subjected to a series of pulse sequences which at best are separated by 
fairly long inter-pulse intervals (tr ). If t is five times the T{ relaxation
time of the protons then the signal will be reduced to 99.3% of its
theoretical maximum with further reducitons in t causing proportionate 
diminution of the s ig n a l^ .
Proton density atone yields a very low contrast NMR image, which is 
mainly a reflection of the small variation in water content between most 
body tissues.
T , and T Relaxation Times 1 2
Tissue water does not exhibit the same relaxation characteristics as
pure free water. If a sample of pure water is examined, we find that 
T =T.= approximately 3s and that this value is frequency independent. In
tissue, T, is considerably longer than T; and both of these are much 
shorter than the pure water values. T also shows a marked frequency
dependence. The differences in relaxation characteristics arise from
constraints on the movement of water molecules in tissue due to the
presence of other constituents such as macromolecules, membranes, etc.,
which have varying hydrophobic and hydrophilic qualities affecting the
extent to which the water molecules are bound.
A further complication in the measurement of tissue relaxation times
is introduced by the fact that the necessary sample is of large size both for
in vitro studies (generally in the order of 0.2-0.5g) and in vivo where the
sample is the contents of one image voxel. Hence, we are not looking at
water in a single cell or even, necessarily of a single cell type. The 
measured value is therefore an average of all the T} or T2 values from all
the different environments inside and between the various cells and cell
types which constitute the sample. Despite this apparent complexity of 
origin of the signal we find that in the majority of tissues, the T}
relaxation curve is of the simple, single exponential type that we would
expect from the water protons in a protein solution. T2 relaxation shows a 
greater tendency towards multi-exponentiality, suggesting that T, is a
more sensitive indication of the complexity of the cellular environment^. 
M easurem ent Method
Measurement of T of tissue in vitro is most simply and most
accurately performed by use of a simple inversion recovery sequence. In 
this case a 180° rf pulse is delivered to the sample to invert the spin 
population. A short period, t, is allowed for relaxation (spin-lattice or
longitudinal relaxation only after a 180° pulse) and the sample is then 
subjected to a 90° rf pulse which puts the magnetization into the xy plane 
in which it is measurable as the size of the free induction signal. By 
varying the duration of t, one can obtain a plot of signal size against t . In
a simple sample this plot will be a single exponential whose time constant
is Tr
T needs a more complex method of measurement and is normally
obtained using some form of spin echo pulse sequence, e.g. the Carr-
Purcell-Meiboom-Gill (CPMG) sequence*?. In this case a train of spin
echoes is produced and the size of the echo is plotted against time after the
initial 90° rf pulse. Again in a simple system this will yield a graph of 
single exponential form whose time constant is T,. However, in this paper,
only experiments with T( are considered.
It is seen, therefore, that normal in vitro experimental methods
provide a decay curve with as many points on it as the experimenter
chooses to obtain. From this a single value for the time constant can be 
obtained. In NMR imaging, however, calculated Tt and T, values are often
taken from very few points on the relaxation curve, making it very
difficult or impossible to analyze for multi-exponentiality. Most relaxation
time values quoted from NMR imaging must, therefore, be regarded 
simplistic rather than accurate.
Pharm aceuticals for Functional Studies
Magnetic resonance imaging (MRI) has advanced technically to the 
point where it is already regarded by many radiologists as the preferred 
imaging method for most studies of the brain. However, there is less than 
uniform opinion concerning the potential of MRI in a number of other 
important clinical areas, such as in studies of the abdomen, where there is 
poor tissue contrast.
It has been suggested that this and other limitations of the MRI 
method may be minimized by the use of image contrast agents. These are 
exogenous chemicals administered to the patient which, by influencing the 
magnetic resonance properties of the water in the region of the pathology, 
serve to heighten the contrast between that tissue and its surroundings.
The characteristic properties of an ideal contrast agent for MRI are 
obvious. Fundamentally, it should be non-toxic and provide effective 
contrast when used in very small quantities. In turn, these characteristics 
imply that it should have an appropriate balance of pharmaceutical 
properties such as tissue uptake and excretion rate; ideally, the material 
should be organ specific and, even more so, be specific to just one 
particular pathology.
Most MR image.' are displayed on a grey scale with white implying 
the highest effective intensity and black the lowest. This effective 
intensity (EI)sconcentrationsMy, where the concentration is of the 
magnetic nuclides in the tissue and My is the amount of their
magnetization present at the actual time of the MR measurement.
Although there is intrinsic variation of water concentration between
different tissues, it is the substantial tissue dependence of My which
provides the major source of image intensity variations and hence image
contrast. This relationship stems from the fact that each magnetic nucleus 
has two characteristic relaxation times, and T2, which govern the rate at
which the magnetization of that nuclear species can be accurately 
measured. The effects of T{ values will be emphasized here. Consider
then, an MR imaging protocol in which the magnetization is measured 
repeatedly at a predetermined rate. Tissues which have a short T{ value
will recover all their My between successive scans and hence their
perceived intensity in the final image will accurately reflect their water
content; that intensity will be high and hence the tissue will show, for 
example, white. On the other hand, tissues with T( values which are long
compared with the experimental repeat time will progressively lose 
magnetization and will show as a darker color on the image intensity grey 
scale.
It is this variation of endogenous tissue relaxation characteristics
which provides the wealth of image contrast which makes MRI such a
powerful diagnostic procedure. These agents are chosen because they can
alter the relaxation times of protons in those tissues with which they are in 
contact. Thus, if an agent which can shorten the Tj values is introduced
into a particular organ, then the perceived intensity of that particular 
region of the final image can be enhanced by choice of suitable imaging 
times. Obviously, the greater the specificity with which an agent can be 
delivered to a specific tissue, the greater will be the induced contrast.
In this experiment, relaxation times for iron oxide (specifically,
magnetite) are characterized. M agnetite^, 19 js being considered as a
contrast agent because of its ferromagnetic properties, it does not
introduce any substances which are not already present in the body (iron
is found in blood), and it also remains in the body for a longer period of
time than other contrast agents. Here, with the use of a relaxometer which 
measure values specifically, we are able to establish relaxivities of iron
oxide for future MRI use.
RELAXOMETER THEORY20
The relaxometer used is field cycling. This means that the magne^c 
field cycles through three values during measurements (H sh = soaking
field, ^resonant field, and HM=field at which T} is to be measured). The
method used is also referred to as wide-line spin-echo which means the 
magnetization is detected by a spin echo which results after a 90°-x-180°
pulse sequence in a low resolution (wide-line) process as seen in Figure 4. 
At H$h, the sample is soaked so that the sample reaches equilibrium
at the magnetization Mq. The field then switches to HM and then falls with 
a rate of T . The relaxometer remains at HM for varying times tM and then
switches to HR where the pulse sequence begins. The area of the spin echo 
is proportional to the magnetization M(m which corresponds to a single
point on the exponential decay. This process is repeated for varying tM 
between 0 and about 1.5T.. Infinity times (t ^5 T .) are also measured to
* M *
determine Mm. An average M* is subtracted from MtM and T, is then 
determined from an exponential fit to values of at the specific
Hm*
This cycle is repeated for different HM varying from 0.01 MHz to
SOMHz to obtain relaxivity curves at specific temperatures. The 
relaxometer contains an electromagnet. This field strength is controlled
via a computer by varying current. The temperature is controlled by a 
refrigeration/heating system which is directly connected to the sample 
chamber.
SAMPLE PREPARATION AND RESULTS
All the iron oxide samples were commercially bought. These 
concentrated samples were either made into solution with distilled water 
or prepared with an agar gel.
The same procedure was used to make all the water solutions. All 
commercial samples had known concentrations. Before transferring 
material, the contents in the sample bottles were shaken vigorously to 
ensure uniform distribution of iron oxide particles. After being well
shaken, a calculated volume of concentrated sample was pipetted into a 5 
or 10 ml volumtric flask in order to get a desired concentration. The 
sample was then diluted to volume with distilled water. After shaking the 
new solution of concentration, approximately 0.6 ml of the solution were 
pipetted into a relaxometer sample test tube. The tube was then 
stoppered, given a sample number (which included a description of the 
solution), and then ready to be measured by the relaxometer. Water 
samples were prepared just before being run and then discarded after 
being tested.
It was observed that some of the iron oxide sample particles settled 
to the bottom of the sample test tube rather quickly (less than 30 
minutes). This would affect relaxometer measurements since the particles 
would not be uniformity distributed during the relaxometer running time. 
This being the case, agar samples were prepared for some samples in order 
to suspend the iron oxide particles for extended periods of time (on the 
order of weeks).
All agar samples were prepared in the same manner. Initially, 0.5% 
(weight of agar powder per volume of solution) of agar powder was 
dissolved in hot distilled water. Small calculated amounts of pre-shaken
concentrated iron oxide samples were added to a relaxometer sample test 
tube (total volume approximately 0.6ml). This mixture was dispersed by 
ultrasonication. The sample was then quickly cooled by putting the test 
tubes in a water/ice bath. This prevented the particles from settling down. 
The sample was then stoppered and ready to be put into the relaxometer. 
It might also be noted that the agar samples remain gelled below 50°C. For 
our purposes, a temperature range of 5°C - 37°C was used. No
considerations for a melted agar sample had to be taken into account. 
Agar samples were prepared once and kept refrigerated when not being 
used in the relaxometer.
Relaxation times of both pure distilled water and 0.5% agar gel were 
taken at frequencies ranging from 0.01 MHz to 50MHz. The data from 
these two runs were subtracted from the data of the actual samples to be 
studied in order to obtain relaxivities of only the material of interest,
which in this case is iron oxide.
Data for the different samples were obtained at varying 
temperatures within the above described frequency range. The data
tables indicate the material used, a lot number (from the manufacturer), a 
description of the material, the temperature at which the sample was run, 
and the concentration of iron [Fe] in the sample. The tables also show a 
listing of the frequencies measured (MHz), the corresponding field strength 
(Gauss), the rate of 1/Tj (1/seconds), the rate of the sample minus its
background (water or agar gel), and the relaxivity (l/(seconds*mM). The 
relaxation times of the respective background materials themselves are 
also listed on each data sheet.
The relaxivities obtained where then plotted relaxivity (l/s*mM Fe) 
vs. frequency (MHz) to normalize the graphs for easier analysis. All graphs 
and data tables are found at the end of this paper.
*
INTERPRETATION OF DATA ^
Iron oxide, specifically magnetite (Fe304), is currently being studied
for use as a contrast agent in NMR imaging. A contrast agent, as the name 
implies, helps distinguish between different types and/or states of tissue 
(sick or normal). In this study, we are looking at the relaxivities of iron 
oxide to see how they are affected by concentration, temperature, and 
particle size.
Dependence on [Fe]
When studying the dependence of relaxivities on [Fe], data with 
varying [Fe]'s are compared while temperature and particle size remain 
constant. By definition, relaxivity is
R, -  (1/T|-1 /T 1(blckground))/[Fe] (Eq. 20)
Rj should be constant with different [Fe]'s , since there exists a linear 
relationship between the two.
Looking at the A samples run at 20°C with [Fe]=0.19mM, 0.13mM, 
and 0.065mM, the relaxivities at 0.19mM and 0.13mM are almost exact 
(Graphs and Data Sheets A120A and A220A). The data for [Fe]=0.065mM 
(Graph A320A) differs from the two higher concentrations by at most 28%, 
but this difference is for the most part uniform throughout the frequency 
range measured. Looking at Graph A320A, the curve is not as smooth as 
the other two. This would make one assume that there must have been
extra noise when running this sample. One explanation for this would be 
that [Fe] for A320A was too low.
Comparing B samples at 20°C, the curves are the same shape, but the 
relaxivities are slightly off (at most 15% difference). This can be seen by 
comparing Graphs B220 and B520. At 37°C two more samples were run
the same tenfold difference in concentration as the 20°C samples. 
Comparing Graphs B237 and B537, it is easily seen that the relaxivities are 
the same. This also supports the statement that there is a linear 
dependence of [Fe] on Rj.
The C samples are also compared with a tenfold difference in [Fe]. At 
20°C, the relaxivity curves (Graphs C220 and C520) are identical as is the 
data for the samples run at 37°C (Graphs C237 and C537) (allow 5% error 
at end points).
L samples were also run at 20°C with a threefold difference in 
concentration. Comparing Graphs L420 and L520, the relaxivities are exact 
with respective frequencies.
Comparing these four sets of data where the samples varied from A
(superparamagnetic particles in a polymeric matrix) to B, C, and L
(magnetite coated particles), all four groups showed a linear relationship 
between Rj and [Fe]. By normalizing the graphs, this dependence is easily
seen. This data supports the original assumption that these iron oxide 
particles have relaxivities that behave according to the linear relationship 
to [Fe],
Tem perature Effects
Different iron oxide samples were also run at equal [Fe]'s but with 
varying temperatures.
Looking at graphs A220A and A237A, the relaxivity curve for 37°C is
approximately 20% lower than at 20°C. Although the shape of the curve is
the same for both, the peak heights vary slightly. Looking carefully at 
Data sheets A220A and A237A, it is observed that the peak height for the 
higher temperature is at a slightly higher frequency.
Comparing Graphs B205, B213, B220, and B237 which ali have 
[Fe]=0.13mM ranging from T=5°C to T=37°C, it is seen that the higher the 
temperature, the lower the relaxivity. The same effect is seen with Graphs 
B320 and B537, though not as great. For these second two plots the 
difference in [Fe] was tenfold less which probably accounted for the 
smaller difference in relaxivities at the different temperatures.
For Graphs C220, C237 and C520, C537, the same effect is also seen 
as with the B samples. However, the effect is greater at frequencies less 
than 1MHz.
When comparing Graphs D220 and D237, the curve shapes differ 
slightly at the lower frequencies. For the most part, the relaxivities are 
lower at the higher temperature. Here it is also noted that the peak of the 
curve shifts to a higher frequency at a higher temperature, as it did for the 
A samples.
The L samples (Graphs L403, L410, L413, L420, L42S, L430, L433) 
are an excellent example showing the gradual decrease in relaxivity over 
a temperature range of T=5° to T=35°C with increments of 3°C. Comparing 
the two extreme temperatures, relaxivity decreases by approximately 16%. 
However, it should be noted the shape of the curve is not linearly 
dependent with increasing temperature.
Two phenomena are observed from these data. Temperature affects 
magnitude and peak position of relaxivities.
The magnitude difference is explained by the fact that an increase in 
temperature increases the diffusion coefficient. Therefore, the average
time the water molecules spend near the particles is smaller and the 
particles effect on their relaxivities is smaller. In other words, the more
time the water molecules spend near the particles, the greater the 
relaxivity of the particle.
The position of the peak is also altered due to diifusion effects. As 
the temperature increases, the diffusion coefficient increases, as just 
mentioned. The longitudinal relaxation times can be viewed as a spectral 
density function (Fig. 5). This function has an inflection point which 
directly relates to curve peaks. The constant
tR= R2/D (Eq. 21)
where R is the radius of the particle and D is the difffusion coefficient, is 
part of the spectral density function. As the temperature increases, the 
diffusion coefficient increases, the constant tR decreases, which causes the 
inflection point on the function to move to a higher frequency, which 
causes the peak of the relaxivity curves to move to a higher frequency.
Effects of Particle Size
Comparing three different samples of varying particle core diameters 
at constant temperature, one can see a definite distinction between them.
The Polysciences samples 19631 to 19633 (Graphs of C, B, and L, 
respectively) are magnetite coated particles of varying particle core sizes. 
This means the sample has a magnetite core coated with polystyrene (a 
nonmagnetic polymer which does not affect relaxivities). A schematic 
diagram would look like Figure 6. The exact diameters are not known, but 
it is a fact that their core size increases with increasing Polysciences 
sample number. Comparing Graphs C520, B220, and L420, it is obvious 
that the relaxivities increase respectively with increasing core diameter. 
This implies that the larger the particle, the stronger the magnetic effect.
This can easily be explained by knowing that the core diameter directly 
effects p (magnetic moment).
p2=Y®1i2S(S+l) (Eq. 22)
where S equals spin. However, relaxivities are not linearly dependent on p 
but on p2. The effect of an increasing p would be greater on the relaxivity, 
since the difference between p and p2 is greater.
Knowing this, the difference between the core diameters of 
Poly sciences 19631 and Poly sciences 19632 must not be that great 
because the difference of relaxivities is about 5%. On the other hand, one 
would assume that the core diameter of Polysciences 19633 is much 
greater than the other two because its relaxivities are more than doubled 
(TSOCs^mM)-* as compared to 300(s*mM)-1).
Another point to consider is the MI samples (Graphs of E, F, G, and K). 
These particles contain a polymer matrix with small FexO y crystals as 
illustrated in Figure 6. Only two forms of iron oxide are magnetic, Fe30 4 
(magnetite) and y*P«203 (y-maghemite). This being the case, these are the 
only possible crystals that could be in the matrix because they are the only 




p, is the magnetic moment at high fields (the magnetic moment at the 
saturation point). The value of p, for magnetite is greater than that of 
maghemite and thus, the difference between their squares is much larger. 
Knowing this and looking at Graphs of E, F, G, and K, the MI sampleshave 
low relaxivities (<25 (s*mM)-1)- This has led some to assume the crystals
are made of y-Fe203 because magnetite particles (having a larger magnetic 
moment) would produce a greater magnetic effect (higher relaxivities).
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MASS NUMBER ATOMIC NUMBER SPIN NUMBER, I
Odd Odd or Even Half-Integrals:
1/2, 3/2, 5/2,. .
Even Even 0
Even Odd Integrals:
1, 2, 3 , . . .
Table 1. Determination of nuclear spin quantum number, I, by mass 
number and atomic number.
3 1
various nuclear spin quantum numbers.
H
Figure 2. Precession of magnetic moment p in a stationary magnetic field 
H0 routing at the Larmour angular frequency H) is a small 
rf field rotating with angular frequency co,
3*
Figure 3. Orientation and precession of nuclear magnetic moment* in an
ensemble of nuclei with jjpin 1=1/2, at thermal equilibrium in a 
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Fig- V. Field-cycling and spin-echo sequence for measuremen: of T, . The 
sequence Is repeated for 0 < tM 3 1ST, to determine M(tM) and for tM > ST, 
to ditemine M(«) . The time axis is not to seele, typical times are: soak, 0-01 
to 10 sec.; measure, 0.002 to 20 sec.; resonaoce, 230 msec.; 90* pulse, ~ 2 
nsec., 90* - 180* separation, 3 msec.; integrator gate, 1 msec.; idle, 1 to 9 sec. 
_H* is ~ 1 kOe; (rR -  4.26 MHi). (Taken from J.J.  Matrancja. TDM Field  
Cycling Reiaxomeber - Reference Manual. Appendix A, lOBOjI
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Figure 5. 5a shows the paramagnetic contributions to the longitudinal
and transverse relaxation rates. 5b shows the spectral density 
function (Re means tho real part of). 5c Is the dispersive spectral 
density terms of 5a where inflection points can be seen.
(Taken from P. Gillls and S. Koenig. Transverse relaxation of solvent 
protons induced by magnetized spheres! Application to ferritin, 
erythrocytes, and magnetite* Mag Res Med, £, 326-327 (1087).)
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Figure 6. Illustration of magnetite coated particles.
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80 4700 8,796 8.515 19.89 PC-80 11.88 10.741 88.40 0.881 1,139
30 7050 8.379 8,107 16.16 0 0,00 0.878
40 9400 8.04 1.778 13,59 0 0.00 0.868
50 11750 1.796 1.531 11.74 0 0,00 0.865
*v
£2 OS
M u it io n  itm rtaer.ts
m i t i i i i i i i m i i u
H tte riih  Poiyscimcet 119632 lot t i 81159 
Diicript.iHagnititt p ir t ic lts  coiti4 */ polyaer 
Ttta, i 5C Ditu Hirch 16,89
(Ft)* 7,28 u-g/il ■ 0.130% «H






1 / T 2 
(H20)
H Hi Siuis 1/* l / !  W(»U1I 1 /» 1/i l/(i**1) l / ! l / l
0.C2 9,7 93,679 93.202 331,92 tit ltu teU r 9 13 0 0 , 0 0 0,972
0,03 7,05 92,913 92,992 325.58 0 0 , 0 0
0.06 9.9 92.629 92,153 323.37 0 0 , 0 0 0,971
0,05 11,75 91.112 90,691 311.77 0 0 , 0 0 f ,971
0,06 19.1 90,858 90,387 30?,82 0 0 , 0 0 0.971
o,oe 18,8 90,692 90,222 308.55 0 0 . 0 0 0.97
0 . 1 23,5 90,017 39.597 303,33 0 0 , 0 0 0.97
0,15 35.25 38,896 38.381 299,93 0 O,C0 0,965
0 . 2 97 38,259 37,789 289,89 0 0 .0 ) 0,965
0.3 70.5 37,089 36,626 880,97 0 0 . 0 0 0,963
0,9 99 37,509 37.091 289,15 0 0 , 0 0 0.963
0 , 6 191 36,596 36,089 876,81 o 0 , 0 0
0 , 8 l$3 35,226 39,765 266,69 0 0 , 0 0 0,961
l 235 33,869 33,909 256,25 0 0 , 0 0 0.96
1.5 352,5 32,871 32,916 298.67 0 0 , 0 0 0,955
2 970 30,959 30,008 230,20 0 0 . 0 0
3 705 26.159 25,715 197,27 0 0 , 0 0 0,699
9 990 23.138 22.698 179,12 0 0 . 0 0 0.96
6 1910 18.732 18,302 190.90 0 0 , 0 0
8 1830 15.739 • 15,306 117,92 0 0 , 0 0 0,633
10 2350 13.273 12.890 88.50 0 0 , 0 0 0.933
15 3525 9.968 9,095 69.33 0 0 , 0 0
80 9700 7.137 6723 51.57 0 0 , 0 0 0,916
30 7050 9.708 9,307 33.09 i) 0 , 0 0 0,601
90 9900 3.935 3,091 23,33 0 0 , 0 0 0.399




■ u i i i i i i i m i i i H i
Material! folysciincn fl|?633 lot I ; 61159 
Diicrlpt.iHigfiMits panicles tested */ polyitr
Terp. i I3C D a  t e ; March 16,88
CFeh 7.28 u-g/al * 0.1306 a n
Frequency Field i / n i / T I  - l / T l Rt CeiaentJ 1 / T 2 1 / T 2  - 1 / 7 8 fi? l/Tl 1 / T 2
< H 2 0 ) t  H 2 0 ' ( H 2 C ) ( H 2 3 )
H H : Siuss l / » l / i 1 l / i »/i I / U M H I 1 / 5 1 / f
0 , 0 2 6 ,7 61,792 61.320 316,99 ReWmtUr I 13 0 o . c o 0 , 6 7 2
0,03 7.05 61,331 60,860 313,65 0 0 , 0 0
0.04 9 , 4 61,57 61,099 315,28 0 0 , 0 ) 0 , 6 7 !
0,05 U .75 60,031 39,560 303.68 0 0 , 0 0 0 , 4 7 1
0,06 16,i 60,572 *,0 . 1 0 1 307,63 0 0 , 0 0 0.67!
0,03 18,8 39,679 39,009 299,25 0 0 , 0 0 0.67
0 . 1 83,5 33.023 39,353 301.89 0 0 , 0 0 0,67
0,15 35,85 36.956 36.629 279.92 0 0 . 0 0 0 , 6 6 5
0 . 2 67 37,653 37,189 285,88 ) 0 , 0 0 0,665
0 , 3 70.5 36.668 36,185 277.59 0 0 . 0 0 0,663
0 .<# 9 6 36,852 36,339 279,15 0 0 , 0 0 0,463
O . i 161 36,936 36.672 279,79 0 0 , 0 0
0 , 6 198 36,6*5 36,606 263,92 0 0 , 0 6 0,661i 835 36,533 36,073 SSI.39 9 o . c o 0 . 6 6 '
1,5 356.5 32,706 32,251 267.61 0 0 , 0 0 0.655
c 670 30,596 30.163 231.23 0 0 , 0 0
3 705 26,86 26,396 202.69 l) 0 . 0 0 V. * * 6 4
4 9 6 0 2 3 , 6 0 7 82,967 176.19 c 0 . 0 ) 0,44
6 1610 19.683 19,067 146.11 0 0 . 0 0
8 1880 16.102 15,669 1 2 0 , 2 0 0 0 . 0 0 0,633
1 0 8350 16.119 13,686 106,99 o 0 , 0 0 0.633
15 3585 10,125 8 , 7 0 2 76,62 0 0 . 0 0
2 0 6700 7 , 7 0 ? 7,283 55,95 0 0 , )0 •),6 lt
2 0 7050 6,965 6 , 5 6 * * 36,86 t) 9, ('•'< 0,401
4 0 9600 3,695 2 . 2 0 1 85.32 I) ii, r* ’ Cl.396
50 11750 2,739 8,350 18,03 l) 0 . 0 9 0,338
?> a 3 o
Re 1 ixition aeasureaents
Material! Polysciences 119632 lot I i 81159 
Descript,iHagnetite particles coated */ polyaer 
Teap, j 2QC Oatei Nov, 6 ,88
{Pel* 7,26 u-q/i! « U.13Q6 aM
Frequency Field 1/Tt 1/T1 *1/11
(H20)
HHi Gauss 1 /s t/s
0 , 0 1 2,35 62.623 61,951
0,013 3.055 61,21 60,738
0,015 3,525 61.571 61,099
0.017 3.995 61,56 61,068
0 . 0 2 6.7 60,816 60.366
0,03 7.05 60.036 39,566333
0.05 11,75 39,26 38,769
0,07 16,65 38,855 38,3866
0 , 1 23.5 37,896 37.686
0.13 30,55 36,73 36,263
0.15 35,25 36,8 36,335
0 . 2 67 36.71 36.265
0,23 56,05 36,16 35.67?
0,25 58,75 36,672 36,009
0.3 70,5 36,026 35,563
0 . 6 96 35,962 35,679
0 . 6 161 35.562 35.08
1 235 35,12 36.66
3 705 ’ 7,86 21,616
7 1665 19.37 17,937
10 2350 16.66 16.207
20 6700 8,263 7.869
30 7050 5.366 6.965
60 9600 3 *89 3,595
50 1175') 3.08 2.671
200 67000 ' J 1 0 ,3 9 ?
Ri Cements 1 / 1 2
l/(suH> t/s


























1/T2 *1/12 R2 l/U
(H20) (H20)
1 /s 1 /dtaH) l / i
0 0 , 0 0 0,672
0 0 , 0 0 0.672
0 0 , 0 0 0,672
0 0 , 0 0 0,672
0 0 , 0 0 0,672
0 0 , 0 0
0 0 , 0 0 0,671
0 0 . 0 0
0 0 . 0 0 0,67
0 0 , 0 0
0 0 , 0 0 0.665
0 0 , 0 0 0.665
0 0 , 0 0 0,663
0 0 , 0 0
0 0 , 0 0 0,663
0 0 , 0 0 0,663
0 0.00
0 0.00 0 , 6 6
0 0 , 0 0 0 . 6 6 6











f it lm tio n  iiisureients
miiiirtiiiussmiiH
i
Hateriih Polysciences 119638 lot I s 81159 
Descript.iMagnetite particles coated */ a polyatr
leap, t 37C Datei Dec, 6,68
(Fel* 7.28 u-g/el * 0.1306 *H
Frequency Field 1/T1 i / f i  - i / n FI Coiients 1/T2 1/12 *1/12 R2 1/11 1/12
(H20) (H201 (H20) IH20)
HH? Gauss 1/s 1/s l/lSHM) I / ,  w . l/(f«iN) 1/1 l/s
0.01 2.35 33.92 33.605 257.7? R tlix flite r *13 0 0,00 0,315
0.015 3,525 36.951 56,6355 265.70 0 0,00
0.02 6.7 36.256 33,96 260.56 0 0.00 0,316
0.03 7.05 36.15 33.835333 259.56 0 0,00
0.05 11.75 33.536 33.226 256.87 0 0,00 0,312
0.07 16.65 32.796 32.696 269.19 0 0.00 0,312
0.09 21.15 32,152 31.86 266.25 0 0.00 0.312
0.1 23.5 32,309 31.996 265.65 0 0,00 0.313
0.2 67 31.867 31.556 262.06 0 0,00 0,313
0.25 58.75 32.105 31,792 263.8? 0 0,00 0,313
0.3 70.5 32.06 31.767 263,56 0 0,00 0,313
0,6 96 22.099 31.786 263,86 0 0.00 0,313
0.5 117,5 31,656 31,169 238,95 0 0.00 0,305
0.6 161 31,953 31.668 262,78 0 0.00
0.7 166.5 32.386 32.07? 266,09 0 0.00 0.305
1 235 31,591 31.29 260.03 0 0.00 0.301
3 705 26.639 84.3,3 202.09 0 0.00 0.296
5 1175 21.683 21.391 166.10 0 0,00 0.292
10 8350 16,766 16.679 111.07 18 tn K-IO ,9.1 ,7.196 361.93 0,28? 0.916
80 *700 8.687 8.606 66.63 -1.139 -8.76 0.281 1.139
30 7050 5.696 5.622 61,59 0 0.00 0,272
60 9600 6.266 3.993 30.6? 0 0.00 0.268
50 11750 3.363 3.098 23.7? 0 0.00 0.265
BS ^° G'K
R»l,«»tlcn le itu rtiin ti
)
H it t r l ih  Polyscltncts 119632 lot I $ 81159 
D m rlp t.iH ign itltf p irtlcUs coittd «/ i polyatr 
!e*p, i SOC Dittt Die. 8,88
(Ftl« 0,726 u-g/il * 0,0130 «N
Frequency Field l/TI 1/T1 *1/11 M Coaimts
1H20)
hHi Gauss l/s l/s
1/12 1/72 - Iin  R2 l/Tl 1/12
(H20) (H20) (H20)
l/s l/s 1/lsMH) l/s i/s
0.01 2,35 6,693 6,221 323.81 fitlim e te r 1 1 6  ( i. ' 0 0.00 0,672
0,02 6,7 6.637 6.165 319,51 0 0.00 0,672
0,03 7,05 6,557 6,086 313,65 0 0,00 0,671
0.06 9,6 6,69 6.019 308,31 0 0,00 0,071
0,05 11,75 6.678 6,007 307.39 0 0,00 0.671
0,06 16,1 6,632 3,962 303,96 0 0,00 0,67
0,07 16.65 6.621 3,951 303,09 0 0,00 0,67
0.08 13,8 6.388 3,918 300,56 0 0.00 0.67
0.09 21.15 6,382 3.912 300,10 0 0,00 0,67
0,1 23,5 6,363 3.873 297.11 0 0,00 0,67
0.2 67 6.239 3.776 289,51 0 0,00 0,665
0.3 70,5 6,17? 3,716 286.91 0 0,00 0.663
0,6 96 6,136 3,6695 281.50 0 0,00
0,5 117.5 6,101 3,635 278,85 0 0,00 0,666
0,6 161 6.079 3,616 277.26 0 0.00 0.665
0,7 166,5 6,067 3,603 276,60 0 0,00 0,666
0.8 188 1.015 3.552 272.IS 0 0,00 0.663
0,9 211.5 3,99 3,529 270,72 0 0,00 0.661
l 235 3,969 3.509 217.17 0 0.00 0,66
2 670 3,567 3,118 239.19 0 0,00 0,669
3 705 3.186 2,76 210,19 0 0,00 0.666
5 1175 2,605 e.iis 165.93 0 0,00 0,662
10 2350 1.857 1,626 109,26 0 0,00 0,633
20 6700 1.213 0,799 61.29 0 0.00 0,616
30 7050 0.702 0.501 38.63 0 0,00 0.601
60 9600 0,76 (Oil 28.03 0 0,00 0.396
50 11750 0.869 0,66 35,29 tMs point should bt rentas. 0 0.00 0,389
200 67000 0.376 0.053 1.07 23C 7.07 8.72 668.96 0,323 0.37
p  (  i  r >
Relaxation leasurtitnts
m im t im n i i t m m
Hattriah Polyseitnees 119632 lot I s 81159 
Dncript.iHiqnftite particles cealtd n/ a polyter 
T»»p, i 20C Oatti Die, 13,63
(ft)* 0.72<i u-g/il » 0.0130 aH
Frtqutncy Field l/Tl l / l l  - 1/Tl fit Contents 1/T2 I/T2 -1/T2 82 1/fl 1/12
(H20) <H20) (H2Q! iH20>
mi Gauss i/s 1/s l/($»aM) 1/s l/s 1/U»eh) l/s
0,01 2.35 3,991 3,519 271.66 Ralaxoiiter 116 ( 1 0 0,00 0,672
0,02 6,7 3,997 3.525 271.91 0 0.00 0.672
0.03 7.05 3,83? 3.616 263,50 0 0.00 0.671
0.0*1 9.6 3,819 3.568 258,25 0 0,00 0,671
0.05 11.75 3.788 3.31? 255,86 0 0.00 0.671
0.04 16,1 3,68/ 3.617 263,58 0 0,00 0,67
0,07 16.65 3,659 3,389 261,62 0 0,00 0.67
0,08 18,8 3.852 3,362 260,83 0 0.00 0,6?
0,09 21,15 3.826 3,356 258,72 0 0.00 0.6?
0.1 23.5 3,802 3,332 257,02 0 0,00 0,6?
0.2 67 3,652 3,187 265,85 0 0.00 0.665
0.3 70.5 3,656 3,191 266,16 0 0.00 0.663
0,6 96 3.612 3.1675 262,79 0 0,00
0.5 117,5 3.582 3,116 260,36 0 0.00 0,666
0.6 161 3.531 3.066 236,50 o 0.00 0,665
0.7 166,5 3.511 3,067 235,06 0 0,00 0.666
0,6 168 3.369 2,906 226.16 0 0.00 0,663
0,9 211,5 3.351 2.89 222.93 0 0,00 0.661
1 235 3.3)2 2,852 219.99 0 0,00 0.66
2 670 2.986 2,535 195,56 0 0.00 0.669
3 705 2,729 2,235 176.26 0 0.00 0.666
5 1175 2,267 1.805 139,23 0 0.00 0,662
10 2350 1,596 1.163 89.71 0 0,00 0,633
20 6700 1,053 0,639 69,29 0 0,00 0,616
30 7050 0.813 0,612 31.79 0 0,00 0,601
to 9600 0.666 0,292 22.52 0 0.00 0.396
50 11750 0.612 0,223 17,20 0 0.00 0.389
200 67000 0,376 0.053 6.09 23C 9.09 8,72 672.63 0.323
B *3 ?
dilution ataiurcaenU
H iU rU li Polyicitncti 119633 lot • i 81159 
D i s c r i p t , p a r t i c l e s  coattd **/ « polyiir
leip. t 37,20 D,t,i Die. 8,88
(Ft)* 0,728 u-g/ti * 0.0130 »H
Frequency Field l/Tl 1/11 -l/T l Rl Comnti 1/T2 1/T2 -1/T2 R2 l/Tl 1/T2
(H20) (H20) IH2Q1 !H23)
mi 6auss l / i l / i 1/(Hi H) t/i l/v 1/ltuH) l / i l / i
0,01 2.35 3,853 3,538 271.41 Rilaxciiter 114 0 0,00 0,315
0,02 4,7 3,814 3,498 268,34 0 0,00 0,316
0,03 7.05 3,761 3,44? 264.43 0 0.00 0,314
0.04 9,4 3.734 3.421 262.43 0 0.00 0.313
0,05 11.75 3.713 3,401 260.90 0 0,00 0,312
0,06 14.1 3.657 3,345 256.60 0 0,00 0,312
0.08 18,8 3.642 3.33 255.45 0 0,00 0,312
0,1 23.5 3,604 3.291 252.46 0 0,00 0.313'
0.2 47 3,532 3.222 247,17 0 0.00 0,31
0.3 70.5 3,518 3,21 246,25 0 0.00 0.308
0,4 94 3,519 3.213 246,48 0 0.00 0,306
0.6 141 3,508 3.203 245.71 0 0,00 0,305
0,8 188 3,532 3,22? 247.55 0 0,00 0,305
1 235 3,494 3,193 244.94 0 0,00 0,301
1.5 352.5 3,768 3,4695 a i i . i i 0 0,00
2 470 3.205 2,909 223.16 0 0.00 0,296
3 705 2.908 2.611 200.30 0 0,00 0,297
5 1175 2,418 2,126 163.09 0 0,00 0.292
10 2350 1,696 1.409 108.09 T2 on PC-10 7,5$ 6,666 511,37 0,237 0,914
20 4700 1,082 0.801 61,45 *1,139 •87,38 0,231 1,13?
30 7050 0,813 0.541 41.50 0 0,00 0,272
40 9400 0,666 0.398 30.53 0 0,00 0,268
50 11750 0.699 0,434 33,2? 0 0.00 0.265
L'X.n
f i l iat ion MisurtitnU
lU t irU li Polyicltncts 119631 lot I t 81157 
Otscript.tHigntUW p ir l lc U i coiltd «/ i  polyatr 
Tup, j 19,5C O ilft Dec. 9,68
(Fe)« 7,88 U-9 / 1 I • 0.1306 iH
Frtqutncy F iild t/Tl l/? l -1/T1 ftl Couinti
IN20)
HHi 3ms l / i  l Is !/(»»•«)
0,01 2.35 39,605 39.133 300,20 R t lm it t t r  115
0,02 <i,7 38.687 38.015 891,68
0,03 7.05 37,616 37.166 886.96
0.0*r 9,6 36.638 36.166 877.66
0,05 11,75 36.887 36.616 879,36
0,06 16,1 36,393 35.928 875.57
0,03 18,8 35.188 36.651 865.88
0.1 23.5 35.356 36.686 867.62
0.8 67 33,255 32.79 851.56
0,3 70.5 32.633 32.17 866.79
0,0 96 31.608 30,965 837,39
0,6 161 30,703 30,261 831.99
0,8 188 29,915 89.6565 285,95
1 235 88.661 88,001 816.80
8 670 86.065 83.616 181.17
3 705 20.391 19,967 153.02
5 1175 15,165 16.703 112.79
10 8350 9.158 8,719 66.89
80 6700 6.856 6.66 36.06
30 7050 3.179 8,778 21.31
*0 9600 2,388 1,936 16.66
50 11750 1.818 1,629 10.96
800 67000 0,516 0,191 1.6? SIS 800/330 8 230
1/12 1/T8 -1/18 R2 1/T1 1/T8
(H2Q) <H2Q) (H20)



























H tte riih  POlyicifncn 119631 lot I t 8115? 
Ducrlpt.iHignetite particles coated */ i  pclyaer 
Teip. t 37C Dates Dec. 9,80







l/TI - t / l l  
(H2G) 
l / t
0.01 8,35 33,485 33.11
0.08 4,7 38.845 33.589
0.03 7.05 38.494 38,179
0.04 9,4 38,12? 31.614
0.05 11.75 31,773 31.461
0.06 14,1 31.514 31,808
0.08 18.8 30.345 30,033
0.1 83.5 30,903 30,59
0.15 35.85 31,147 30,834
0,8 47 30.148 89,835
0.3 70.5 89,548 87.836769
0,4 94 29,397 89,098
0,6 141 89,298 86.987
0.8 188 28.521 28,217285
l 835 88,1 27,799
3 470 24.815 83,919
3 705 20.165 19.668
5 1175 15.564 15,278
to 2350 9,583 9.896
80 4700 5,093 4.818
30 7050 3.338 3.066

























1/13 -1/12 R3 1/11 1/13
(H30) IH30) (H30)


























iii i i t i m i i i i m i u m
Raterialt M y ic itn c ti 119631 lot • t 81157 
Deteript.tRagnetlie particles coated */ i  polyeer
lt ip . I i 9 , e c D itii Dec, 9,88
t f t l* 0.788 u-g/el * 0,0130 iH
Frt^ency Field 1/T1 1/T1 -1/11 R1 Coaitnti 1/18 1/T8 *1/18 1/11
IH20) (H80) <H80)
MHr Gauss l/s l/s 1/lHiH) 1/! 1/5 l/(i««f1) t / i
0.0! 8,35 6.669 3,976 305,01 ReUxoaeter 116 0 0,00 0,678
0.08 6,7 6,6 3,988 301.33 0 0.00 0,678
0.03 7.05 6,311 3,839 896,50 0 0.00 0.678
0,06 9.6 6,816 3,766 887,81 0 0.00 0.678
0.05 11.75 6.816 3.765 887.89 0 0,00 0,671
0.06 16.1 6.168 3,697 883,61 0 0,00 0.671
0.08 18.8 6.066 3.979 876.85 0 0.00 0.671
0 .1 83.5 6.018 3,569 878.18 0 0.00 0.67
0,15 35.85 3,985 3,6575 865.83 0 0 .0 0
0,8 67 3.845 3.6 860.88 0 0.00 0.445
0.3 70,5 3,759 3,895 858,77 0 0.00 0.663
0,6 96 3.655 3.191 866,79 0 0.00
0.6 161 3.556 3,088 836.89 0 0.00 0.666
0,6 188 3,638 8,975 888.88 0 0.00
1 835 3,339 8,979 880.86 0 0.00 0.66
1,5 358,5 3,039 8.5865 198.86 0 0.00
8 670 8,79 8.361 179,58 0 0,00 0,669
3 705 8,639 1.995 153.06 0 0.00 0,666
5 1175 1.91 1.668 118.61 0 0.00 0,668
10 8350 1.893 0.86 65.97 0* 0.00 0,633
15 3585 1.086 0.606 66.69 0 0,00 0,62
19 6665 0,89 0.6768 36,68 0 o .o c
80 6700 0.861 0,687 38,76 0 0.00 0,616
81 6935 0.868 0.636 33.89 0 0,00 0,616
86 6110 0,735 0,389185 85 .‘85 0 0,00
89 6815 0.696 0.893 88.68 0 . 0.00 0.601
30 7050 0.681 0,83 81,68 0 0,00 0,601
36 7990 0,639 0,839 18.33 0 0,00 0,6
36 8660 0.681 0.8835 17.15 0 0,00
33 8930 0 . 4 0 5 0.81 16,11 0 0,00 0,395
39 9165 0,601 0,807 15.83 0 0,00 0,396
66 10360 0.571 0.178 13,65 0 0,00 0,393
66 IOS10 0,556 0,1665 18,68 0 0,00
68 11380 0,566 0,156 11.97 0 0,00 0,39
69,5 11633.5 0,56 0,151 11,58 0 0,00 0,389
50 11750 0,361 0,158 11,66 0 0,00 0.389
eoo 67000 0.386 0,003 0.83 SIS 800/330 3 83C 9.9 9.53 731,07 0,323
C S 3 >
Relaxation atisureaents
i i i t m i i i i i i m i t m i i
Hateriili Polyicitncei 119631 lot « 1 81157
OescrIpt.iMignetltf edited */ i  polyaer
leap, i 37.3C Date: Dec. 9,98
(Ft)« 0.728 u*q/»l * 0.0130 •H
Frequency Field 1/TI i / n  -i/T i R1 Coiaents 1/12 1/T2 -1/12 R2 1/11 1/12
(H20) (H20! (H20) (H20)
HHz Giuss l/» l / i l/(ftHN) l / i  1/s 1/UfaH! l / i 1/s
0.01 2.35 3,823 3.508 269,11 ReUxoatte,* 116 0 0.00 0.315
0,02 6.7 3.768 3,632 263.28 0 0.00 0.316
0,03 7,05 3,695 3.33 259.29 0 0,00 0.315
0,0* 9.6 3,676 3,361 257.83 0 0.00 0.313
0,05 11,75 3.588 3.276 251.31 0 0.00 0.312
0,06 16.1 3.586 3,276 251,16 0 0.00 0,312
0,00 18,8 3,501 3.1'9 266,66 0 0,00 0.312
0.1 23,5 3.521 3.208 266,10 0 0.00 0.313
0.15 35,25 3.661 3.126 239.96 0 0.00 0,313
0,2 67 3,616 3,106 238.12 0 0.00 0,31
0,3 70,5 3,373 3.066 235,05 0 0.00 0,309
0,6 96 3.368 3.061 233,28 0 0.00 0.307
0,6 161 3.899 2,996 229.68 0 0,00 0.305
0,9 188 3.222 2.917 223,77 0 0.00 0,305
1 235 3,152 2,851 218.71 0 0,00 0.301
2 670 2,7*6 2,668 187,79 0 0.00 0,296
3 705 2.321 2.026 155,27 0 0.00 0.297
5 1175 1.819 1,527 117,16 u 0.00 0,292
10 2350 1.221 0.936 71,65 12 on FM0 9,3 8.394 663,31 0.287 0,916
20 6700 0.866 0.565 63,36 -1.139 •97,38 0.281 1.135
30 7050 0,81? 0.565 61.31 0 0.00 0,272
50 11750 1.128 0.863 66.20 V.1 (bi$ error! 0 0.00 0,265
D  0
ReUxaticn *easurrar.ts
Ha*trials f: lf£c:?rces 11713! U» t } 32-jl $elWscript.sO.Cosier on (s.d. 0.003) sypsrparKsg, par* icles/polyst/rer,* ijtMx ir, 0,5? i;ar
lesp, ! c)C Oates Fet 7,39
IFel* 7, c 3 t.-)/*\ * :•,1204 fH
F'e: jpncy Field l/Tl 1/11 *1/11 FI Ctmrts Wf 1/Tc *1/12 92 1/Tt 1/18
(nsr) Ug»r) (ajar) ( i g r )
w.. Gauss 1/5 i/i '/(«<sX) 1/s 1/s 1/s l / i
0,0 c *.7 4.431 5.34 44,3! Reii..:t*Ur f 26 o.co 0.03 3.53
■),03 7.05 0.972 5.79 44.41 o.co O.CO
O’. Oh 9, 4 8,5? 7 5,30 44.52 0,(0 O.CO 2,785
0.06 14.1 3.061 5,91 45.25 0,00 o.co 2.15
0.03 13,3 7.643 5,75 h4,33 0,03 0.00 1.863
0.1 83.5 7.487 5,70 45.87 0.0) 0.00 1.538
0.10 35.35 7.157 * 5.70 45,85 0.00 0.00 1,869
0.8 4? 7.089 5,98 45,91 0.00 0.00 1.105
0.3 70.5 7.196 6,c6 43.01 0.00 0,00 0.737
0.4 74 7.458 6.60 50.68 0.00 0,00 0.86
0.6 141 7.79 7.02 53.81 0.00 0,00 0,775
0.8 188 8.851 7.52 57.70 0,00 0,03 0.73
1 235 £.479 7,77 59,64 0.03 0,00 0.705
1.5 353.5 3.962 8,34 64.00 0 00 0.00 0.619
8 470 8.875 8.28 63,48 0.00 0.00 0.6
3 705 8,618 8.04 61,65 0.00 0,00 0,576
4 740 8.884 7.64 59,63 0.00 0,(0 0,591
6 1410 7.817 6.66 51,11 0.00 0,0) 0.554
8 1380 6.203 5,76 44.14 0,00 0,00 0.548
10 8350 5.517 4,99 39.85 0,00 0.00 0.531
15 3585 4.867 3,76 88.83 0.00 0.00 0.504
80 4700 3,457 2,76 28.71 0,00 0.00 0,496
30 7050 8.397 1,93 14.77 0.00 0,00 0.478
4) 9400 1.868 1.40 10.*>6 0.00 0.00 0,466
50 11750 1.619 1.16 MO 0.03 0,00 0,458
R e l a x a t i o n  i m u r e a e n t s
Haterials Polyscitnces 119131 let > : S230?
Rescript.i0.087#i:nn U.d. 0.003) Viptrpariug. pirlults/pjlyityrer.i 
tetp. i ?,7C Met Feb. ?>89
(Ft)* 7.58 u-$/?l 0,1308 *>1
F rename/ Field I'll 1:T! -I'M M CfrMintl
la^jri
M: Gauss 1 >s 1/s !i. (s*rM»
0.02 8.7 s . m 6.85 89.85 RsUxnft
0.03 ?,\5 8,3 6,06 86.87
0.08 9.8 7.705 5.60 8: .97
>.06 18,1 7.139 5,3c 80.80
0.05 18,9 6,863 8.92 37.82
0.1 23.5 6.231 ■* .83 27,03
0.15 35,25 5,738 8.68 35,52
0.2 87 5.516 8.59 35,28
0.3 70.5 5,817 8,69 35.37
0,8 98 5.526 8.87 37,36
0.6 181 5.607 5,2-4 80.15
0.8 138 6,133 5,6! 83.08
l 235 6,871 5.93 85.87
1,5 352.5 6.756 6,30 88.29
2 87) 6.986 6,55 50.22
w 705 6,983 6,53 50.06
8 980 6.638 6.23 87.7?
6 1810 6.081 5,69 82.6?
8 1930 5.508 5.13 39,37
10 ■ 2350 8,751 8.53 35.16
15 3525 3.968 3,61 27.66
20 8700 3.199 2.35 21,86
30 7050 2.26 2,03 15.56
80 9800 1,883 1.51 11,61
50 11750 1.5,08 MS 9 ,C7
*atnx io 0.5)1 a$ar $ei
1.-T2 1/12 -1/12 *c

























































Re 13 v 4 1ic-r a e a s u r a i a n t s
M a t e r i a l  i P e l y t c i r : n  113130 l e t  i  ; 75967
f-e s c r i p t . ! 1-2 M e r e r s t p a r p a r a •aj. : i r t i c i e s / p c l / s t r ' f j r ,  0*.5% s : a r  9 %ri
Tf .»iv . ! cOC D i t a i h r :  6 9 g>
i f  € )  - *95 •- 2 .5 ?2 9 •. y
F r e ; s * :  * f  l ? 1 d i -t : 11 / i i  - s . n ? !  O'. f . M ' . t ! 1 , L : 1 . " 2  - l ' i : R : : / ' i
•' > 5 31’ > t a ^  a ■) ' ? j i < i
H;-: Gat  as i / i 1/5 l / ' 5 » , ^ «  1/5 1/5 L  ( 5**sM; l .  i
H O : 9 ,7 7 .373 3.61 , .97 i  - c * a t r  $ 57 O . v ) , '  r 0 ,53
0 .03 t * ;  : 6 .53- 3,<C l . v l C .
A
(-.0 * ? A 5. •?? 3.21 1.29 0 . 0 ) 0 . 0 . 2 . 7 :5
0 .06 19.1 5,291 5 , 0  5 s . n ( iV j 0 . 0 0 2,15
) . 0 i 13.5 4 . 7 H 2.91 L i e 0 . 0 0 0 , 0 0 1 , 2 : :
•:.i 32.5 s . 9 ? 5 2.91 1 . 1 2 0 . c ; (» , *; v
i f : ;i i y W
C .15 25,25 <1 . 0 2 2 2 / '5 l . O t c .o o 0 . 7 l . c i *
0 . 2 9? 3 .33 2 .7 3 1.05 0 . 0 0 0 , 0 0 1.105
0 .3 70.5 3. i ! o 2 .63 1 . 0 ? 0 . 0 0 0 .7 0 ( . ? • '
O' .9 1’4 2 .95 2 .59 L O O 0 . 0 0 O .U J 0.3:
•:.t H I 3 .3-3 2 .57 0 .9 ? 0 . 0  0 v . 0 0 i. ( r; *i
0 .3 13? 2.213 S . -»S u .96 0 . 0 0 0 .07 v ,  f «
j 335 5.082 2 . 2 2 0.92 0 . 0 0 0 , 0 .7 )5
1.5 352.5 2 . 3 : 5 2 .35 0 .9 C 0 . 0 0 0 . 0 0 .), i : 3
£ 970 2.766 2 .17 0,83 7.00 0 , 0 0 0 ■:
2 705 2.566 1.99 0 .77 0 . 0 0 v .e > ' L S 1?
9 H O 2.376 1.80 0 .69 ) .  C 0 0 . 0 0 7 .53 !
6 m o 2.156 1.60 0 . 6 : 0 . 0 0 0 . 0 0 O'. 5 59
a 1 8 8 0 1.956 1 H I 0 .59 0 . 0 0 0 . 0 0 0.592
1 0 2350 1.820 1 .29 0 .50 0 . 0 0 0 . 0 0 0 .5 2 !
15 3525 1.62 i . n 0 .93 0 . 0 0 0 . 0 0 0 , 5 " ?
2 0 WOO L 9 7 3 0 . 9 ? 0 .33 0 . 0 0 0 . 0 0 0 . 9 ? :
* • 
w J 7050 1.165 0 .69 0 .27 0 . 0 0 0 . 0 0 0 .9 7 ?
V ) H OO l . 0 3 ? 0 .57 0 . 2 2 0*. 0 0 0 , t/ 0 0.966
e.,'( 11750 >■) ( 5 < 0 . 9 : 0 .16 0 . 0 0 0 . 0 0 0.959
r ?n-
Relaxation aeasureeents
filteria 11 Seradyn M1B0/31! lot • « Hl*l80/20/3il . . A „ .
Dtscrlpl.i0.5-t U.30 avg.) aicrcr. superpamag, 122X Fe309) partides/pdystyrer.e «atnx in Q.jX agar gel
Tt»p. i 37C Oates Feb, 23,87
(Fd* 7,c8 U'O/il 5 0.1309 »1
Frequency Field 1/Tl l/ll -I/Tl f:l Comrts l'T2 1/12 *!/T2 Sc i/Tl 1/T2
Usar) (agar) (agar) (agar)
Gauss 1/: t/s l/(s**'l) 1/3 1/5 1I.MsMl) l/s l/s
0,0 i 1,7 5.296 2.5? 22.U RtU<o*>?te-r * 39 0.00 0,00 2.35?
U.03 7.05 9.55/ 2,32 17.77 0,00 0,00 2.292
0,01 9.1 9,199 2,09 15.66 0,00 0,00 2.103
0.06 19,1 3,901 1,53 12.19 0,00 0.00 1.821
0,03 is.e 2,875 t ,29 9,90 0.00 0.00 l .585
0 1 23.5 2,599 1.19 8.75 0.00 0.00 1.909
0,15 35,25 2,02 ),92 7.05 0.00 0,00 1.1
0.2 9? 1,77 0.35 6.51 0.00 0,00 0.922
0.3 70.5 1.591 0.80 6,19 0,00 0,00 C-.7<
0,1 59 1.99 0.72 6.01 0,00 0,00 0.6*6
0.6 111 1,355 0.79 6.09 0,00 0,00 0.568
0,8 183 1,303 0,79 6.02 0.00 0,00 0.523
1 235 1.885 0.79 6.03 0,00 0.00 0.992
1,5 352,5 1,201 0,79 5,68 0.00 0.00 0.961
2 970 1.1/9 0.79 5,69 o.co 0,00 0.93?
3 705 1,109 0,69 5,31 0.00 0,00 0.917
1 990 1.061 0,65 5.02 0.00 0,00 0.907
6 1910 0,978 0,59 9.53 0,00 0.00 0,393
9 1880 0,92 0,59 9,17 0,00 0.00 0,37,6
10 2350 0.353 0.99 3.76 0.00 0.00 0,369
15 3525 0.769 0,90 3,08 0.00 0,00 0.352
20 9700 0.707 0.36 2,79 0.00 0.00 0.35
30 7050 0,539 0.26 1.97 0.00 0.0) 0.332
10 9900 0.528 0,20 1,52 0,00 0.00 0,33
50 11750 (\992 0.17 1.30 0.00 O.Ou 0.322
F $2 o
RelaojUin leaiurtur.ts
Miteria11 Seracy:' H1130/311 Ut * s H|-180/20/311
Per.npt, tO.5-7 (1.30 avq.) jiicron luprpariia?. (221 Fe337) parti:!§t/p;iy5tyrtnt aitei/ if' 1*5% *$if 9«1 
Tnp. j 20C C?#te? Harsh 9,8?
if*:* 72.3 f■$/el = 1.2-: 36 *»:
Fr«qw«r.: / fitH 1/T! 1/T1 *i/Tl PI Counts 1 i U 1' T 2 *1/12 C5 ■ • 1/ri 1/T£
ti?r1 (i 2 i r i (i$r>
ivH; 1 >i 1/*. l/iV ! * ) \ h l/s 1 / (t< vM 1/1 i/l
,*j f * 7.? 10.137 6,60 5.(7 f.elexc-net«r 1 50 (.00 0,0) ; c;
-),v3 7.05 10.131 6.35 5,3? 0.0) C , V /
U '|*i 7.721 7.0' 5.37 0.00 0,00 2,725
. (’ <> 17,1 i X i \ " 13b 5.59 0.00 0,0) 2,15
0.0: i?.6 i . m 7.53 5.78 0.00 0.(0 ; ,363
c'J.5 9.261 7,s? 5.69 0.00 0,00 !. 552
0.!! 35.25 3,257 6.0: 6.15 0.00 0.00 1.26?
0.2 7? 9.232 8.1^ 6,27 0.0) 0.0) 1.105
0.3 70.5 9,353 3.72 2,76 0,0 0. )v (.: 3 7
0,7 n 9.702 8.57 6.55 0.00 0,0) o,6s
v.i h: 9.777 e.v1 2.65 0.00 0,00 0,:*;
0.5 193 9.779 8.72 6,c9 l), f J 0.)) / 3
235 9.323 2.33 6.2! 0.00 0.00 V . 1 J
1 «* 276.75 9.553 3,3s 6.7: 0.00 0.00 ., l * i
; .2 23: 9.555 '.83 2.82 • 0.00 0.00
11 * 3:7 9.715 3.36 5.30 0.00 0.0 0.63:
1.? 352.5 1.202 $,53 6,5: 0.00 0,00 (.613; *i70 9.156 8.56 2.56 (.00 0.00 v1 i0 705 9.731 8.16 6.26 0.000.00
0.00 0.5'6
7 9 7 0 8.787 7.90 6.06 *),('0 0.521
5 1710 7.678 7.0? 5.77 0.00 0,0) 0.557
: 1530 7.103 6.57 5.07 (,,( ; 0,'. v V 4 I W -
10 2350 6.731 6.20 7.76 C.OC O.Ov (,!;!
j5 3525 5.573 5.13 3.97 V.(’) ; , ( 0.5 v3* • cv 4)00 5.133 7.70 3.60 0,(0 0.(0 . •*1 6
30 7)50 3.872 3.37 2.53 (, 0) • 0,.) , 7 :
70 ?7):- 3.197 2.7; 2.10 0.0' V.(' ■:. 7::
!■) 11-50 2.778 2.22 1.75 O.v) 0 ■ <>0 '/ • • • \
Vr 6 ^ 0
R f l m t i o n  t t l l y r M f i ' t t
M a t e r i a l !  S e r a d v r ,  H U S 1 / 3 35 l e t  * : M l - 1 6 0 / 2 0 / 3 3 5
f e s c  * i p t . i O. , 5 - 5  ( 1 . 7 0 a / p . )  t \ c r o r  s i p t r p A r u t g .  ( 2 3 . l t  F * 3 3 4 i ■f :■!>t l y r t r . e  n t c i x i f  0 . 5 X  1» ? a '  g e l
l e a p .  : 2t
s * O a t e s  M a r c h  9 , 8 9
( F e l * 7 c . S  u- $ / r. i a 1 . 3 0 3 6  aM
f ' - e r j e r ; : . F i e l d 1 / T i w n  - i / T i fcs C c « . ? r > * . 5 1 *'*2 \ i ’ l  • ! / ! :
>r  \ 
. I
( a : a r  > ( i g i r  / U } i f  -
M l 3 a .  i s 1/5 l/*:  1 / 1 $ * ; * ! 1 ' :  1/5 : • s
( , 0 c 4 . 7 1 0 . 8 7 3 • j ) 5 , 6 0  F ? U i  5! C . ( C
r  ' 2 . 5 3
.},«•• 3 7 . 0 5 1 0 . 7 4 6 7 . 5 6 5 , 8 ) 0 . 0 (
C . C* ■* 9 . 4 1 0 . - 5 4 7 . 4 7 5 . 7 3 0 . ( O . - 01
; r : !• 4 4. /
0 . 0 : 1 4 . 1 9 . 7 4 9 7 . 4 0 5 . 5 2
l#l < * i «i i 2 . 1 5
0 . 0 ? 1 3 . 5 r . 5 4 ! 7 . 7 3 5 . 3 7 0 , v (
o . o : 1 .  J i 3
0 . 1 8 3 . 5 9 . 3 7 1 7 . 7 3 5 . 9 7 0 . 0 0 •7770 1 . 5 3 3
0 . 1 5 3 5 . 2 5 8 . 4 5 9 6 . 1 9 6 . 2 6 O . v v c . o o 1 . 2 6 ?
0 . 2 47 9 . 8 4 5 0 . 1 “ 6 . 2 4 0 , 0 0 0 , 0 0 1 . 1 0 5
0 . 3 ? 0 ‘. 5 9 . 8 ( 5 8 . 2 ) 6 , 3 4 ( . ( ' -
0 ,  /•’> *•. “ 3*-
94 9 . 0 6 % 3 . 2 1 6 . 3 0 ( . 0 0 v’ . 00 2 :
0 , 6 1 4 ! 9 . 1 1 5 6 . 3 4 6 . 4 0 0 , 0 0 0 . ( 0 0 . 7 9 3
0 . ? 185 3 . 8 5 8 8 . 1 2 ' 3 . 24 0 . 0  0 0 . 0 0
0 . 7 3
! 2 3 5 2 . 3 0 4 8 . 1 0 > i C i (  . C v
0 , v . ■' 3
1 . 5
c, 3 . 4 2 : 7 . 3 0 5 . 9 9 0 . 0 ' 0 . 0 0 . . 6 1 9
A
4 7 0 3 . 1 7 7 , 5 7 5 . 8 1 0 , 0 0 0 . 0 0
C , s
3 7 0 5 7 , 6 . 0 7 . 0 3 5 , 3 ? 0 . 0 ' ) ,  0 0
• , f 7 ;
» 9 4 ) 7 . 2 7 5 6 . 6 9 5 . 1 4 0 .  (■ 3 0 . 0 0 0 . 5 3 1
6 1 4 1 0 w3 5 . 9 3 4 . 5 9 ( . 0 0 0 . 0 - ' , 5 5 4
5 1 35 0 5 . 4 5 : 5 , 4 1 4 , 1 5 ( . 0 0 0 . ( 0
'  * ' d\  , J 1 Z
1 0 8 3 5 0 5 . 5 4 4 5 . 0 1 3 . 5 : c . o : 0 , 0 0 . , 52 1
; 5 3 5 2 5 4 . 7 4 7 4 . 8 , 3 . 8 5 ( . 0 ) O . i v ».. S C »
80 4 7 0 0 3 . 8 3 3 3 , 3 4 ^ 1 4 0 . 0 0 0 . ( 0 0 . 4 9 6
30 7 0 5 0 c . 9 ? l 2 , 5 0 t 0 . 0 0 0 . 0 0
1; , t. 0 ;
V ) 9 4 0 0 8 . 4 9 1 2 . 0 3 1 . 5 5 0 . 0 1 .
0 , - i 6
50 1 1 7 5 0 8 . 1 8 " 1 . 7 0 1 , 3 1 0 . 0  *•
i . i j i |
Relaxation itasuresents
u m n s u i m i i i i u s i t
Descript, tlrcn oxide prepared according to a lethod adapted fro# Sugieotc l  Hatjem (). of Colloid and Surface Science! 
Teic, \ 37C M et Fib. 16,8?
Fe!3 7.23 i -<j/il * 0.1304 iH
:ercy Field 1/T1 i /ti - i / n 91
il Gauss 1/S 1/s !/<?♦?*)
0 . 0 2 4.7 5.029 2.67 20.50 ft
0.03 7.05 4.308 2.07 15,85
0.0* 9.4 3.772 1,67 12.8)
0.06 14.1 2.934 1.16 8.92
o .o a 18.9 8.435 0.85 6.52
0.1 23.5 8.085 0.69 5,22
0.15 If 3*Wk Ihk 1.53? 0.44 3.37
0.2 47 1.867 0,34 2,65
0.3 70.5 0.99? 0.26 1.98
0.4 94 0.069 0.21 1.63
0.6 141 0.749 0.18 1.39
0.8 183 0,695 0.1? 1.32
1 235 0.655 0.14 1,25
1.5 352.5 0.61 0.15 1,14
2 470 0.586 0.15 1.13
3 705 0.55 0.13 1.02
4 940 0.527 0.12 0.92
5 1410 0.499 0.11 0,85
8 1580 0.481 0.11 0.81
10 2350 0.469 0,10 0.77 •
15 3525 0.434 0.07 0.55
20 4700 0.423 0.07 0.56
30 7050 0.394 0.06 (.48
40 9400 0.37? 0.05 0.38
50 11750 0.367 0.04 0.35
1/s

































hiterials Stridyn H1070/319 let I : M-070/6).'319
D e s c r i p t , ! 0 .5-9  ( 1 .3 0  j v q . )  M : r c n  s u t r p a r n i q .  (52*  F e30 5 )  p o l i c i e s p o l y s t y r e n e  n t r i x  sr, 0 .5 \  a q j r 9 f i
T e n ,  : 2CC D i t e i v, i r c h  9 ,3 ?
i F e l * 7 2 . S u - q / i l  s 1 ,5036 tfl
F req u en cy : iel<i 1 / T i i / Y l  - l / T l F:1 C u  Rents 1 -T2 i/78  - 1 »!5 ! / T S 1.T5
( i : r  ( C* 7 i  * 1 - l y i - J
3 s u i s t ' s 1 ! e 1 ; ; 1 ' j '  1 i s  1 t s  : i !
0 . 0 2 9 .7 2 ,655 5,07 3.35 ,: » U r . i e t e r  * 52 0 , 0 0 0 , C 0 3 . 5 :
v .03 7 ,05 3 . 5 's 3 v i ■- V * , ! 3 O', 0 ; 0 , 0 0
i . O * s . « 2 ,595 5,76 9.92 O v ) ; 0 . 0 0 :  ” r,r
(», v ; 19.1 6 .6 3 ? 6 . v? 9 ,53 0 . 0 ) f\ ' 2 . !  5
0 ,03 I D . 5 8 .735 6 ,3 ? 5 ,27 0 , 0 C . ' . v 1 , 5 : :
0 , 1 2 3 ,5 8 .725 7.19 5 ,93 0 , 0'0 1,553
7.1* 35.25 9.199 7 .35 6,09 0 . 0 0 0 , 0 0 1 ;C
A \*. 1 * 9? 9.311 3.21 6 .3 ') n fi/i >. 0 1,105
!*. ( J ? 0 . 5 5 .532 3 .65 6.63 0 . 0 0 (■ , '0 V 0 .937
) ,5 ?9 9 .4 * 3 ,63 6 .77 0 , 0 0 o . : : ( c t
0,4 h i 5 ,7  *7 8 , : ? 6 .83 0 , 0 0 ( . 0 7 0 .775
y , S 18': 5 ,323 8 . 6 6 6 . 6 * v.OO 0; . vO 0 .73
• 235 5,2 •3.50 6,52 0 , 0 0 O .C ) n 7 ,‘A
1.5 352 .5 3,951 7 .63 6 . 0 1 ■>. . V v o . c : 0 .6 1 ?
: 570 7 .852 7.25 5 . 5 : o . c : 0 . 0 0 0 . 6
j ?05 i . O ? 6,33 9.26 1', iV 0 .576
u T* 0 5,977 5 ,90 9,19 '), 0 0 O', 0 O' ‘■.55!
* 1910 5 ,023 M 7 2,55 0 . 0 0 C  >. 0 O . C *
5s 1330 9 ,295 : .  7 v 2 .39 0 , 0 0 0 . ) 0 0.552
i ) 2350 2 .805 3 .27 c .51 o . c 0 . 0 0.531
15 3525 3 .076 2.57 1,57 v ' C . ) , 0 0 0».5C
2 ) A700 2 .6 3 : 2 ,19 1 , 6 * O’ , 0 ‘ 0 , 0 0 0 ,9 7 t
2 0 7050 1.953 1,52 1,17 0 . 0 0 0 , 0 0 0
* 9500 1,638 1 , 1 ? O .S ? 0 , 0 0 0 . 0 ) 0 ,556
w . 11750 1,952 0.93 0 .7  j 0 . 0 ) 0 , 0 0 .  ^5 :
Relaxation reasuresents
S I S S S * S 8 S S > X S S S S C S S 2 1 S 3
Hateriali Polysciences 119633 lot • s 66M0 
Descript. sHa^netite particles coated w/ polyaer (sa^netite/polyeer * 2) 
leap, i 5C Dates March 16,8?
(Fel* 2.17 u•9/nl * 0,0339 %n
Frequency Field 1/71 1/71 *1/T1 R1 Consents 1/72 1/T2 -1/7: C 3 1/T1 1/72
(H2C) (H20) (H23) iH2C-)
MHz 3at,ss t/s 1/5 ;/($♦*«) 1/s 1/s l/‘.s»:«i 1/5 1/S
0,01 2.35 31.237 30.765 791.7? Ri’.^ jseter » 62 0 0.00 o.<.7a
0.02 4.1 29.6^3 29.371 755.89 0 0.00 0 . ^" 2
C,1 23.5 26.29s 25,522 66^.71 0 0.00 C. 4,7
0.5 117,5 22.719 22,256 572.78 0,00 0,46?
l c 35 20.615 20.155 518.7! 0 0.00 0.^
1,5 352.5 18.35'“ I8.<t03 473.75 0.456
10 2350 7.33? 6.954 178.97 u ( , ' 0 0.<*1?
• w 3525 5.303 '•.8305 125.60
50 1 * 750 i.5?« 1.205 31.01 ;> u.23*
 ^Y/o
Relaxation ieasure«nts
S S S S S S S S X S S S S S B S S S S C S B S
Material! Polysciences >19633 lot ♦ i 86910
Descript.jMaqnetite particles coated w/ polder (ngmtite/polyier = 21 
Teip, i IOC Date! March 16,8?
[Pel* 2.17 u-g/il s 0.0339 iM
Frequency Field 1/T1 1/T1 -\n\ f;l Ccr.rsV.s
(H20)
MHi Gauss l/s l/s l/(S»iM)
0,01 2.35 30.695 30.173 776.53 Ril*«::eter i 6•
0,02 9.7 £9,5 29.023 797.06
0,1 23.5 26.«63 26.993 681,32
0,5 117.5 23.195 22.652 533,79
1 235 21.259 20.799 535,28
1,5 252.5 19,6*7 19.231 999.93
10 2350 7.518 7.CS5 182,39
15 3525 5,952 5.0295 129.21

















0 > '9*3 
0.033
0.339






s s s s s s s s t s s x s s s s c s s t : : :
Materials Polysciences 119633 lot * s 86*10 
Descript,sXagnetite particles coated */ poly ter hignetite/poly*e’ * 2) 
Te*p. s 15C Dates March 16,39
(Pel* 2,17 u-g/jl * 0.0369 •«
Fregency field l/Tl 1/T. -l/Tl
iH20)
11 lauss l/s ;/s
0.01 c . 25 30,*5* 29,932
0.02 *.7 29.739 29.317
0.1 23.5 26.523 26.052
0.5 117.5 23.* 22,937
l 235 21,;09 21.3*9
1.5 352.5 20.366 19.91
10 2350 5,t‘ ?3 7.59
1: 3525 5.713 5.22:5
T *,J v 11750 1,67* 1.235
hi Coieer.ts M2
l/UMt! l/s








*1/12 n ! / T1 M2
(H23! t H20 i (H£C
s t/UnKl 1/5 l/s
0 0 . 0 0 0 , * ? :
v • .• v C M 2
0 0 , 0 0 :•.*/
0 0 . 0 0 0 , * 6 s
0 0 . 0 0 0 . * i
0 ,*5 6
0 0 , 0 0 0 ,*3 3
o 0 . 0 0 C ,2 3 \
L LfZO
SfWxr.tot *nsvr3»5it«
J'.iU-iT.i lyseiences 117433 
D?icri:*..:H3 3r5 1i5e per tides 
**:?. } 2CC
■fsl« 2.17 u~9'?i s
Jot » : 26410
coiled a/ polyaer d4~*ec11*/r: 
Iatei Kerch 14,29 
0,0339 cfi
i/*s- £ 2)
f''e:j;r:v Fieli i/il 1/1! *1,11 M C:.';e*ts
nao!
l/ic
V: Oi^ s id i/i :/<s*o) 1/S









; i 2 . 3 : 29,201 :2 ,4 2 2
H , 7 22,039 a - . S i ’1
. 1 22,3 2 ; , 5 2 5 26.035
r 117,5 23 .52 2 2 ,0 6 ?
1 'v * *. 2 2 , 1 2 1 21,661
, 0 752 .5 2 ) . 5 2 7 80.071
', C 2350 7 ,9 7 ? 7.544
i j w v w W 5 , 6 : 3 5.2555
r,o l l  750 1.709 1,319
1/12 '1/12 n
( h20 !
0 0 . 0 )
0 0 . ( 0
0 0 , 0 ')
o 0 . ( 0
0 0 . 0
0 0 , 0 )
i) 0 . 0 0
i/t:
cisoi











l v ^ r
R e l a x a t i o n  B e i s u r m n t i
Hateriali Polyscierces 119633 lot I \ 86610 
Dtscript.tHagnetite particIts coated */ p ly is r Itagnetite/polyaer * 2) 
Tup, i 250 Oatei March !6,B9










0.01 2.35 29,663 29.171
0.02 6.7 23.665 27.973
0.1 23.5 25.892 25.622
0.5 117.5 23.167 22.706
1 £35 22.396 21.926
1.5 352.5 20.692 20.236
10 2350 9.291 7.859
15 3525 5,912 5.6965
50 11750 1.723 1.336
nl Couer.ts 1-'T2
l/d»aM 1/5






















m m m t i i m m t s i a !
Haterialt Folyscierces 119433 let • i 84410 
Oeacript. iHagntttte particles coated *I polyier (lagnetite/polyier * 2) 
leap, i 30C Dutei March 14,89
(Fil« 2,17 trg / il « 0,0339 «H
Frequency Field !/Tl 1/T1 -1/T1 R1 Consents \tU 1/T2 -1/T2 B2
(H20) ,<H2Q>










27,751 714.20 ReUamtir t 62 0 0,00
24,948 494,05 &
24,434 435,32 0
22.515 579.44 * 0(00
21,44) 552.52 0 0.00
20,299 522,41



















l i s i s i im m t ism i i s :
Materiali Polysciences 115633 lot I i 86910
Oeschpt.iHagnetite particles coated m/ polyier (aagnetite/polyaer * 2)
Teap. t 3 5 : Oatei March 16,89
(Pf)« 8.17 u*g/«l = 0.0389 iM
Frequency Field t/Tl 1/Tl -1/T1 R1 Cciaer.ts 1/T2 1/T2 -1/T2 R2 1/Tl t/Tc
(H20) (H20> (H20' (R2C1
AH* Gauss 1/s 1/s 1/(smH) 1/s l / s !/s :'s
0.01 2.35 26.9*3 26.971 631.26 RilaxciJter 1 62 0 0.00 0.972
0.08 9.7 26.621 26.199 672.97 0 • o . c : 0.972
0.1 23.5 29.115 23.695 603.53 0 0.00 {. ,97
0.5 117.5 22.666 22.203 571,93 0 0.00 0,963
1 235 21.973 21.513 553.7? 0 0,00 0.96
1.5 352.5 20.552 20.09? 517.22 0.95i
10 2350 3.217 7.739 200.33 0 o . o o 0 >33
15 3525 6.193 5.7155 197.09
50 11750 1.802 1.913 36.36 0 0.00 0.339
... Sj
Relaxation Masurtaenis
i i n i i m i i i i m i n i i i i
Materiali Pclvsciences 119633 lot t i 36610
Oescript.iflatnttite particles coated */ pM /ur iiaqretite/ocnyier * 21
!«p , i 20C Date: March 10,89
(Fel* 0.728 u-9 » 0.0130
Frequency Field 1 >T1 1 /T1 - 1 / 1 1 Rl C0;T3€ *.*:« I/U 1 / 1 2  - 1 /T2 92 l/Tl 1 /T2
<H?Qi ✓ !h2 0 ) HcO» . *2 0 ,
MK: 8 a  j s s 1 /s 1 /s l/isuK l i / i i 'S IM is V i / i  1 / !
0 . 0 1 £.35 10.601* W i l 761,C1 Relutseur »56 0 0 , 0 0 0.472
0.015 3.525 1 0 . 2 6 2 9.79 751,0: v C ,0 v ■ ;>73
0.017 3.995 1 0 .2 : 2 9.79 751.02 0 C.C', 0.672
0 . 0 2 0.7 10.092 ' 3.62 737,98 0 t\ l'; A . 6 7 2
0.025 5.875 10.062 9.5705 736,18
0.03 7.05 «. 67 9.199 705,65 o 0 , 0 0 0,671
0.(5 11.75 9.607 8,336 665.51 o 0 , 0 0 C.671
0 . 1 £3.5 9.092 8.622 661,62 0 0 , 0 0 0.67
0.13 30.55 3.97 9.503 652.2? 0 0 .0O
0.15 35.25 9.932 8.517 653,36 0 0,665
C. 2 67 8 . 6 6 6 8,1*9 623.97 0 o.co 0,665
0,23 56.05 8.53 8.117 622.68 0 , 0 0 0 , 6 6?
o . e s 56.75 8.356 7.S93 60S.I0 0 0 , 0 0
0.3 70.5 8.372 7.909 606.72 0 0 . 0 0 0,663
c.<t ?4 8.156 7.693 590.15 0 C. ( 0 0.663
0 . 6 161 7.921 7.659 572.20 0 0 . 0 0
1 235 7.627 7.167 569.80* 01 0 . 0 0 0 , 6 8
1.5 352.5 7.067 6.611 507.15 0,655
2 470 6.567 6.115 659.10
3 705 5.609 5,165 396.22 0 0 , 0 0 0 . 6 6 6
4 NO 6.963 6.5215 365.86r, 1175 6.371 3.932 301.66 0.635
i 1610 6 .0? 3.636 272.77
7 1665 3.673 3,c6 263.55 0 0 . 0 0 0,633
7.5 3.523 3.1 237,31
10 2350 2.878 3,639 137.10 (' 0 . 0 0 0.633
15 3525 2.163 1.7395 133.66
20 6700 1,726 1.31 1 0 0 ,6 ? 0 0 , 0 0 0.614
30 7050 1.215 0.516 6 2 , 6 6 (■ 0 , ;>0 v  » * 0 i
*.0 (6)0 0 /’’58 *0.5/4 66.03 V ,00 0.296
50 11750 0.819 0.63 22.79 ( 0. 00 ',;;?
I
)
h
